Because metabolic acids stimulate bone resorption in vitro and in vivo, we focused on the cellular events produced by acidosis that might be associated with stimulation of bone remodeling. To this end, we exposed isolated chicken osteoclasts to a metabolic (butyric) acid and observed a fall in both intracellular pH and cytosolic calcium (ICa2j1i). These phenomena were recapitulated when bone resorptive cells, alkalinized by HCO3 loading, were transferred to a bicarbonate-free environment.
Introduction
Bone resorption is a multistep process sequentially involving attachment of osteoclasts to bone and creation of an isolated compartment at the site of matrix dissolution (1) (2) (3) (4) . Bone degradation is accomplished by acidification of the resorptive compartment leading to a milieu in which an osteoclast-secreted collagenolytic enzyme is active (1, 2) . Thus, attachment of the osteoclast to bone, forming an extracellular compartment subsequently acidified, is pivotal to matrix resorption.
The studies described herein focus on the effect of acidification on osteoclasts. Metabolic acid is known to stimulate bone resorption in vitro and in vivo (5) (6) (7) (8) , but the mechanism is controversial. In addition, recent studies have reported that extracellular proton excess impacts directly on isolated osteoclast-stimulated resorption (9) . To analyze the mechanism by which protons regulate osteoclast activity, we exposed isolated osteoclasts to absolute and relative acid loads and queried if intracellular metabolism is altered. We found, in fact, that when exposed to extracellular protons, intraosteoclastic pH and Ca2" levels rapidly decline, the latter mediated via an energy-dependent process. Most importantly, the changes in intracellular pH and calcium were associated with increased formation of podosomes. These are matrix-binding structures of osteoclasts localized at the level of the clear zone. They appear as short, microfilament-containing protrusions in contact with the substrate in which specific adhesion proteins are localized (10-12). Interestingly, podosomes also contain a Ca2+-regulated actin-severing protein, gelsolin (11) , and specific receptors for arginine glycine aspartate (RGD) containing extracellular matrix proteins localized at the level of their plasma membrane ( 13). Thus, the results suggest that acidosis stimulates osteoclast attachment to bone, an early step in the resorptive process.
Methods

Materials
Fura 2-acetomethyl ester (Fura 2-AM),' Fura 2-free acid, 2'7'-bis (2-carboxyethyl)-5-carboxyfluorescein-tetracetoxymethyl ester (BCECF-AM) and BCECF-free acid were purchased from Molecular Probes, Inc., Eugene, OR; mowiol and ionomycin from Calbiochem-Behring Corp., La Jolla, CA; all other agents were purchased from Sigma Chemical Co., St. Louis, MO.
Osteoclast preparation
Osteoclasts were isolated from the medullary bone of laying hens fed a calcium-deficient diet as previously described (2, 10, 14) . 106 cells were plated with 100 Mg devitalized rat bone particles of25-50-vim diameter (15), in MEM + 10% FCS, 100 Ag/ml streptomycin, 100 IU/ml penicillin, 3 ug/ml cytosine 1B->-arabinofuranoside (Ara-C), and cultured at 37°C in a water saturated atmosphere containing 5% CO2. The bone particles were present throughout the isolation procedure, and osteoclasts remained attached to bone throughout the experiments. After 24 h, the cells were recovered and sedimented twice for 20 min in PBS to allow osteoclasts, specifically bound to bone particles, to separate from lighter mononuclear bone marrow cells. The sediments were plated at a density of 50,000 osteoclasts in 3.5-cm diameter petri dishes containing 25-mm-diam circle glass coverslips and cultured in MEM + 10% FCS, antibiotics, and Ara-C.
Osteoclast F actin was localized in cells plated directly on coverslips without bone particles. This was necessary because the irregular surface of bone particles made avoidance of bone contributed autofluorescence impossible, preventing the techniques of visualizing F actin in the podosomes on bone surfaces. For the glass coverslip cultures, cell suspensions obtained from the medullary bone were sedimented two to three times in 75% FCS and plated and after 24 h washed to remove nonadherent cells. Culture conditions were the same as described above. Since podosome formation is observed in osteoclasts attached to glass similar to bone laminae ( 12) , these experiments were taken as resembling the effects seen in cells attached to bone. Additionally, in subsequent experiments on polished bone surfaces a similar appearance of podosome formation was observed and regulated by retinol ( 12) .
Measurement ofintracellular Ca2" and pH (a) Fluorophore loading. Intracellular pH and intracellular calcium were measured in single cells using the fluorescent dyes BCECF and Fura-2, respectively. In their esterified forms, each dye diffuses into the cell where cytosolic esterases convert them into hydrophilic, impermeant-free acids. The conversion is rapid and prevents the dye from diffusing into the organelles, specifically allowing the measurements of cytosolic pH and [Ca2+]i. Both dyes were dissolved in DMSO, which had no effect in any experimental situation.
Osteoclasts, cultured on coverslips, were incubated for 1 h at 37°C in a buffer containing 125 mM NaCI, 5 mM KCI, 1.2 mM KH2PO4, 1.2 mM MgSO4, 2 mM CaC12, 25 mM Hepes, 6 mM glucose (PBS, Table I ). The added impact of extracellular acidification was assessed in cells treated with the same buffer at pH 5.3. The influence of extracellular Na+ was also evaluated using a Na+-free/high-K+ buffer (150 mM KCI, 2 mM CaCl2, 5 mM Hepes, pH 7.4).
(f) Podosome expression. Expression of these adhesion structures in osteoclast clear zones was studied using rhodamine-conjugated phalloidin (R-PHD) which specifically binds F actin (17) . The cells under study were cultured in absence of bone particles in basal conditions, or treated for 15, 30, 60, and 90 min as follows: (i) Controls incubated in serum-free MEM/Hepes, pH 7.4; (ii) Osteoclasts acidified with MEM/Hepes + 25 mM NaBtyr, pH 7.0; (iii) Osteoclasts alkalinized with MEM/Hepes + 25 mM NaHCO3, pH 7.6 and then acidified by removal of HCO-, pH 7.4; (iv) Osteoclasts acidified with MEM/Hepes + 25 mM NaBtyr in presence of 2.5 mM NaCN or 0.5 mM Na3VO4. 25 mM NaCl was added to control medium to assure isoosmolarity with experimental conditions. The cells were fixed for 5 min at room temperature in PBS, 2% sucrose, 3% paraformaldehyde at the desired pH (7.0, 7.4, or 7.6), washed in PBS, permeabilized in 20 mM Hepes (pH 7.4), 300 mM sucrose, 50 mM NaCl, 3 mM MgCl2, 0.5% Triton X-100, for 3 min at 0°C, and again washed in PBS. The cells were then incubated with 10 Mg/ml R-PHD for 45 min at 37°C. The coverslips were washed in PBS, mounted with 10% mowiol (vol/ vol), and placed in a Leitz Diavert microscope equipped for epifluorescence. In each circumstance, the number ofosteoclasts exhibiting or free of podosomes was counted (not less than 300 cells/treatment), and the percentage of each was calculated. Results were expressed as mean percentage±SE of podosome-containing osteoclasts vs. time. Statistical significance was evaluated by t test, and each experiment was performed at least three times.
Results
Intracellular pH. Basal pH1, namely that of cells incubated with bone in PBS (pH 7.4) was measured at the beginning of each experiment. Thus, intraosteoclast pH was 7.08±0.01 (n = 25), and it was stable in this condition for at least 1 h, or longer than the experimental duration. Osteoclast cytosol was acidified by either exposure to metabolic acid or HCO-withdrawal (Fig. 1 ). In the first circumstance, the cells were incubated in a buffer containing 25 mM NaBtyr (NaBtyr buffer, Table I ) isotonically substituted for NaCl at pH 7.0 leading to generation of 79 uM butyric acid. NaBtyr additionally lowered pHi to 6.56±0.20 (ApHi = -0.60, Table II) within 10 s of exposure ( Fig. 1, A and B) . Alternatively, osteoclasts were exposed to a buffer containing 25 mM NaHCO3, isotonically substituted for NaCl (HCO3 buffer, pH 7.6, Table I ), which, within 20 min, raised pHi to 7.60±0.05 (ApHi = 0.55, Table II These results differ from experiments in other cells, where reduction of HCO-in the media produces a transient alkalinization before return to basal pH. In our experiments, CO2 was not controlled and the cells were HCO-loaded. These differences account for the observed results. The reduction in pHi was due to the operation of a Cl-/HCO-exchange mechanism (15), since the reduction in pHi was Cl-dependent and 4,4'-diisothiocyano-2,2'-stilbene sulfonic acid inhibitable. The relative rate of intracellular acidification after sequential HCO3
loading and withdrawal was much slower than that induced by butyric acid. Experiments similar to that shown in Fig. 1 and all subsequent figures were repeated numerous times on separate coverslips, as indicated in (Fig. 3) . This effect was reversible and basal [Ca2+], levels reappeared after removal of the high potassium buffer (Fig. 3) . The impact of membrane depolarization on [Ca2+], was also independent of extracellular sodium as it was unaffected by a Na-free, high-K buffer (data not shown). Alternatively, reduction of the high-K+ buffer pH to 5.3 enhanced the depolarization-induced decline in [Ca2+], to 35 nM, an event that was also Na independent (Fig. 3) . This indicates that the affect of depolarization was additive to that of protons. Thus, the osteoclast appears to possess either a means of Ca2' efflux that is electrogenic and thus stimulated by depolarization or, the capacity to sequester Ca2+ intracellularly in response to protons and/or depolarization.
Effect ofNaCN and Na3 V04 on osteoclast pHi and [Ca2+]i.
These experiments were designed to determine if acid-regulated change in [Ca2+], was ATP-dependent and related to the transport action of a plasma membrane Ca-ATPase. In this regard, we used 0.5 ,uM of the Ca2' ATPase inhibitor, Na3VO4 (18), or 2.5 mM of the ATP synthesis blocker, NaCN.
Our initial experiments documented that NaCN increased fluorescence of BCECF-free acid. Similarly, we found that cyanide led to enhanced intraosteoclast fluorescence of the pHsensitive dye (Fig. 4 A) , an effect considered when calculating pHi (Fig. 4 B) . When added to the NaBtyr-containing buffer, neither CN-or VO0-blocked intracellular acidification (Fig.   4) membrane Ca-ATPase. Because both of these alterations in cytosolic milieu have been shown to affect cytoskeletal organization, we next turned our attention to microfilaments of the osteoclast and their organization into a unique adhesion structure, the podosomes.
Effect of altered pHi on osteoclast podosome formation.
43% of osteoclasts, maintained in control culture conditions for 2 d, developed podosomes, whereas in the remaining cells, F actin was distributed in membrane ruffles or a fine network ( (Fig. 8 A) . NaBtyr treatment, however, led to a less pronounced decline in the percentage of osteoclasts demonstrating attachment structures that by 90 min rose to 73%, a 73% increase over control (Fig. 8 A) . presence of NaBtyr initial transient fall in podosomes was not observed (Fig. 9) . The podosomes, in this circumstance, are generally organized in a layered peripheral ring resembling the clear zone (Fig. 7, C and D) . Acidification by HCO removal. Transfer of cells to the HCO5 buffer reduced podosome formation, but in contrast to PBS, the attachment structures did not redevelop, appearing in only 7% of the resorptive cells after 90 min (Fig. 8 B) . Interestingly, HCO--loaded cells assume a globular shape and F actin is largely confined to membrane ruffles. Removal of HCO( reversed these events, and control levels of podosome expression reappeared (Fig. 8 B) correlating well with the return of pH, to control levels as discussed above (Fig. 1) .
Effect of Na3VO4 and Na CN on osteoclast podosomes.
Exposure of osteoclasts to 0.5 lsM Na3VO4 totally blocked podosome formation (Fig. 9 ) and 2.5 mM KCN reduced 'the percentage of positive cells to 14.9 (Table III) . Addition of Na3VO4 to the NaBtyr buffer also led to a pronounced, albeit incomplete inhibition of podosome formation (Fig. 9) . NaCN added to the NaBtyr buffer produced effects similar to Na3VO4 (Table III) We took this as good evidence for maintenance of cell viability. Thus, podosome development appeared inversely related to [Ca2 ]1, and enhancement or reduction of attachment structure formation by metabolic acid, and inhibitors may reflect, in part, their respective effects on cytosolic calcium.
Discussion
The osteoclast is a cell whose principal activity depends upon proton transport. Thus, the pivotal event in bone degradation is the secretion of H+ ions by resorptive cells into an isolated, extracellular microenvironment at the osteoclast-matrix attachment site (1, 19) . The H+ ATPase responsible for acidification of the resorptive microenvironment has been shown to be a vacuolar H+-ATPase, functionally similar to the renal H+-ATPase responsible for urinary acidification (19) . The osteoclast is also known to respond, in the complicated milieu of whole animal or organ culture models, to extracellular proton excess. For example, metabolic acidosis is associated with skeletal loss, and bone rudiments cultured at low pH undergo enhanced resorption (5) (6) (7) (8) . In addition, Arnett and Dempster have shown that low pH stimulated isolated osteoclasts to increase bone resorption (9) . However, whether the effect of acidosis is mediated by a direct pH effect on bone mineral-or osteoclast-mediated resorption remains controversial (20) . In addition, the mechanism of proton action was not studied by Arnett and Dempster. We have developed means by which osteoclasts may be isolated and individual cells studied in culture enabling one to determine if they directly respond to specific agonists (2, 14 (10, 27). These attachment structures appear in osteoclasts exposed to agents such as retinoids (28) , which stimulate resorptive activity both in vitro (28, 29) and in vivo (28 (30, 31) that colocalizes with F actin in osteoclast podosomes (11) . Gelsolin binds to the barbed ends of actin filaments at a rate of 101 M`s-' in the presence of Ca2 , inducing filament severing (32, 33) , or it binds to active monomers, stimulating microfilament nucleation, with a reaction about five times faster at pH 6 than at pH 8 (34) . These properties, together with the direct low pH-stimulated actin polymerization (35) , could account for the acidinduced podosome formation in osteoclasts.
Thus, exposure of osteoclasts to an acidic microenvironment establishes a series of rapid intracellular events which, in early stages, involves ion transport and ultimately, morphological changes associated with bone resorption. It is therefore significant that we have recently established that pure populations of isolated osteoclasts respond to reduction in extracellular pH with enhanced resorptive activity, documenting a direct effect of protons on the bone-degrading capacity of the cell (Carono, A., manuscript in preparation) in agreement with the results of Arnett and Dempster (9) .
